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Abstract
The BIOREK1 manure and/or organic waste treatment process based on anaerobic digestion and subse-
quent treatment of the effluent with conventional and novel membrane technologies is presented. The process
consists of a mesophilic anaerobic digester coupled to a cross-flow tubular ultrafiltration membrane (ADUF).
The clear, sterile effluent, rich in ammonium (N), soluble phosphates (P) and potassium (K) is processed into
saleable fertiliser products and potable, demineralised water. Compared to conventional solid–liquid treatment
technologies available, the proposed technology not only alleviates organic waste-handling problems, but also
retains biomass, thus enabling more complete conversion of the organic substances in the feed. The present
work investigates the use of a thermophilic (50–55C) as opposed to a mesophilic digester (30–37C). It will be
shown that the UF flux increases rapidly when increasing the feed temperature mainly due to a decrease in
viscosity. Further the investigation will show that the removal of volatile ammonia with membrane contactor
(CM) technology is far superior to that expected by conventional steam stripping. It is found that proper
UF-permeate decarbonisation and pH adjustment lead to improved ammonia transfer rates. Ammonia removal
efficiencies of up to 99.9% are reached at ambient feed temperatures.
Keywords: Ultrafilter; Membrane contactor; Ammonia; Fertiliser; Energy
1. Introduction
Solid–liquid separation has been used in the
last few years as a physical treatment process for
animal wastes, mainly for the improvement of
manure handling properties by removing coarse
solids and fiber from the slurry. Relatively low
cost and simple technologies, such as settling
basins, screen and press screw separators, have
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been applied for the removal of solid material
from dilute slurries. Expansion of animal pro-
duction in some countrieswith highly specialized
operations, and increasing public concern with
odors,water and air pollution is however leading
towards the utilization of more advanced tech-
nologies and equipment (decanter centrifuges,
membrane processes, etc.). Such equipment
have long been employed in both municipal
and industrial wastewater operations, but have
not been commonly used for livestock wastes
because these wastes are typically applied to
farmland for fertiliser value and this utilization
has not required solids and nutrient removal.
However, in regions of concentrated confined
animal production, there is a need to remove
nutrients and minerals because of concern for
pollution and to transport surplus fertiliser from
the farm, possibly earning an income from the
sales of these products. At the heart of the
BIOREK1 process is the mesophilic ADUF
process, an acronym for Anaerobic Digestion
with Ultra Filtration. The process was origin-
ally intended as a treatment solution for
highly COD laden wastewaters like brewery
and starch effluent [1], but has since included
the ability to extract potentially valuable
nutrients and minerals from anaerobic sludge
[6]. Currently the UF-permeate is treated by
partially decarbonising it at its boiling point
where after the ammonia is stripped off using
steam to form an aqueous ammonia solution.
The bottom product from the stripper is con-
centrated via reverse osmosis to yield a pro-
duct rich in phosphate and potassium, and
potable water.
This paper presents preliminary pilot-plant
results, showing enhanced UF fluxes when
employing a thermophilic ADUF as opposed
to the mesophilic ADUF. Subsequently, after
carbon dioxide is flashed off in a packed
column followed by precipitation of phos-
phate and residual carbonate by lime addi-
tion, an alternative CM ammonia removal
process could reduce the energy consumption
compared to steam stripping to produce a
marketable by-product in the form of a
highly concentrated ammonium salt solution.
2. Theory
2.1. The thermophilic ADUF
The ADUF principle for the treatment of
especially brewery effluents is well documented
by Ross et al. [1]. The combination of the
ADUF principle with a thermophilic digester
is based on existing expressions for mass trans-
fer (flux) across UF membranes. Ultrafiltration
is used over a wide field of applications invol-
ving situations where high molecular compo-
nents have to be separated from low molecular
components. The UF membranes employed by
theADUFprinciple has amean pore size of 25–
100 kDa, which effectively retains biomass and
bacteria and allows passage of low molecular
weight components, i.e. ions and volatile fatty
acids (VFA). The most important factor in
designing anADUFprocess is themass transfer
coefficient at the membrane boundary layer.
These coefficients are usually obtained from
correlations for flow in non-porous ducts.
To reduce concentration polarisation and the
build-up of a fouling gel layer at the membrane
interface, the feed flow to the UF membrane is
kept turbulent (cross-flow). In case of turbulent
flow any suitable correlation for the mass trans-
fer coefficient at the boundary layer is used.
All of these correlations, like for example the
Dittus-Boelter expression, have a viscosity
term, which has a marked effect on mass tran-
fer. This, amongst other factors, could be the
main reason for the lower fluxes encountered in
mesophilic ADUF operations compared to
thermophilic operation. Rose-Innes et al. [2],
further states that the viscosity,  of thickened
sludge is inversely proportional to the mobility
of liquid molecules, which means that the visc-
osity decreases with increasing temperature.
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This is further elaborated by Helleloid, [7], who
describes viscosity as a function of temperature
in polymeric non-Newtonian liquids, showing
the occurrence of several different regimes of
rheological behaviour as a function of both
shear rate and temperature, such as those
encountered in anaerobic digester slurries. The
combined analysis of this study with the refer-
ences has led to a response function for the
viscosity based on multivariate regression on
the parameters temperature and shear rate,
with an exponential deceasing dependence of
the viscosity on temperature increase. Such var-
iations were also investigated by W.R. Ross
et al. [1] using an ADUF pilot-plant set-up,
which showed flux increases of 2% per 1C
temperature increase under similar operating
conditions.
To test these assumptions a series of vis-
cosity measurements (coaxial cylinder mode)
were made on digested material taken from an
operating digester combined with measure-
ments of flux on a pilot UF plant at various
temperatures. Data obtained showed a strong
dependence of shear rate typical for time inde-
pendent non-Newtonian fluids (pseudo-plastic
material) as well as on temperature of the
digested slurry. A response function model has
been proposed based on an extrapolation of the
results from the data obtained. The viscosity
model has been used to calculate flux of the
ultra filters as a function of cross flow velocity
and temperature of digester slurry.
2.2. Ammonia removal by contact Membrane
technology
Volatile ammonia removal by means of
liquid-liquid CM technology is well described
by Semmens et al. [5]. There are however few
literature sources dealing with the industrial
applicability of this process. Cussler et al. [3],
summarised ammonia removal from gases and
concluded that the main advantages of CM is
the independence of the gas and liquid flows
and overall mass transfer coefficients compar-
able to that of packed columns. In liquid–
liquid CM, the main advantage is similarly
the independence of the liquid flows and the
high removal efficiencies obtained with com-
pact equipment, even at ambient temperatures.
The membranes employed for CM are
hydrophobic typically polypropylene (PP) or
PTFE. These polymers have the ability to
allow a vapour or gas to permeate the mem-
brane while totally rejecting the aqueous
phase. Volatile components are transported
across the membrane and either stripped by
a carrier gas or directly absorbed in a suitable
liquid (acid) flowing along the membrane
interface. The mechanism for liquid–liquid
ammonia removal by CM is shown in Fig. 1.
For efficient removal the ammonia has to
be in its volatile form. Increasing the pH or
temperature to a point where all ammonium-
nitrogen (NH4
þN) is in its volatile ammo-
nia form ensures this. The expression for free
ammonia fraction (FA) of the total reduced
ammonia is readily derived from known
equilibrium expressions and is presented in
Eq. (1). It is included in an overall differential
expression, which describes the mass flux of
gaseous ammonia across a CM membrane as
shown in Eq. (2).
FA ¼ 10
pH
e 6244= 273:15ð Þ½  þ 10pH ð1Þ
[NH3]o= [NH3]
[NH3]=0Feed
Acidic strip solution
Fig. 1. Ammonia transport across a hydrophobic
membrane. NH3 concentration drops from the bulk
value [NH3]0 in the aqueous feed on the left to zero
in the acidic stripping solution on the right.
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d NH3N½ 
dt
V0
A
¼ km  FA  NH3 N½ 0 ð2Þ
In using Eq. (2), it was assumed that the
protonation of NH3 to NH4
þ by the acid
solution was instantaneous and complete.
Note that temperature and pH of the bulk
feed, the volume and the membrane area is
uncoupled from the mass transfer coefficient
km, so that it essentially contains informa-
tion about mass transfer resistances due
to the membrane physical properties and
ammonia partial pressure. All data was
fitted using the integrated form of Eq. (2)
shown in Eq. (3).
ln
NH3 N½ 0
NH3 N½ t
 
¼ km  A
V0
 FA  t ð3Þ
3. Experimental
3.1. The thermophilic ADUF
A continuous ADUF pilot-plant consist-
ing of a 5 m3 reactor controlled at 50C
and a tubular UF membrane with a total
membrane area of 1.7 m2 were used for this
study. The membrane used was a commer-
cial tubular (12 mm) polysulfone module
from Weir-Envig Pty. Ltd., South Africa
with a mean pore size of 40 kDa. The feed
to the ADUF was macerated pig manure
with a total solids (TS) content of 4%.
Due to biomass accumulation the reactor
TS increased steadily over the course of
the study, from 4 to 8%. UF feed velocity
was varied between 1.5 and 3.5 ms1, as
to observe the influence of temperature
at varying feed velocities through the
membrane.
The set-up is shown schematically in
Fig. 2a and b.
3.2. Viscosity measurements
A Brookfield LVT DV-2 dial viscometer
(coaxial cylinder mode) fitted with a thermo-
stat water bath was used for measuring the
viscosity of samples taken from the ADUF
digester.
The viscometer was operated at RPM’s
from 0.3 to 60 and temperatures from 9 to
52C.
3.3. Ammonia removal by contact membrane
technology
A laboratory set-up shown schematically
(laboratory and pilot scale set-up) in Fig. 3
was used to predict the overall mass transfer
coefficient, km. The membrane module con-
sists of a bundle of polypropylene (PP) capil-
laries encased in a PP pressure vessel
(Microdyn-Nadir Gmbh). The feed was on
 
Biogas 
Feed 
Ultrafilter
Permeate
Digester 
Fig. 2a. An ADUF digester with the digester coupled
to an ultrafilter.
Fig. 2b. Tubular UF filter end cap.
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the inside of the capillaries and the strip solu-
tion on the shell-side. The strip solutions used
was varying solutions of H2SO4 (96% w/w).
For both set-ups, acid was dosed with a dos-
ing pump and pH controller which controlled
the pH within 0,2 pH units. CM feed con-
sisted of UF-permeate from a full-scale
BIOREK1 ADUF plant. Decarbonisation
was done by chemically precipitating calcium
carbonate (CaCO3) with lime (Ca(OH)2),
which in all instances also precipitated the
bulk soluble PO4
3 as hydroxyapatite as
reported by Graham et al. [4]. The set-up
for the pilot plant is shown below.
4. Results and discussion
4.1. Viscometer measurements
A log-log plot of the results from a vis-
cometer measurement of undiluted digester
slurry in Fig. 4 shows two remarkable
E-1
V-1
E-2
Pricipitation tank
175 l
Feed tank
190 l
P-1
E-4
P-2
E-5
P-3
P-4
E-6
E-7
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E-8
E-9
P-8
P-9
Feed pump
10m3/h
Strip. sol. Pump
6 m3/h
Contact membrane
10m2 PP
Stip. Sol.
Tank
40l
Acid
reservoir
1 l
Acid
dosing
pump
 pH
I-1
P-10
Controller
I-2
P-13
P-14
Ph meter
Controller
Pricipitate
discharge
Lime addition
P-15
Fig. 3. Flow diagram for membrane contactor pilot plant.
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Fig. 4. Log-log plot of viscosity as a function of
spindle tangential velocity.
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features: even at low shear rates (here shown
as tangential velocities) a sharp drop in vis-
cosity is seen as the shear rate increases and
secondly two regimes are clearly visible under
and above a velocity of 0.004 m/s respec-
tively. The three regimes (non–Newtonian,
Newtonian, non-Newtonian) are found in
polymeric liquids [7]. Furthermore a tendency
of lower viscosity with increasing temperature
is seen. This tendency is clearly seen in the
high viscosity regime at low shear rates, but is
less distinct in the transition (Newtonian)
zone. It is the opinion that the irregular
track seen in the plot is a consequence of
the disperse structure of the slurry, being a
mixture of particles, extra cellular polymeric
material of the active microbes and sus-
pended precipitated salts.
The regime with the lowest viscosity (at
higher shear) can be used for an extrapolation
giving a formulation of the viscosity into
higher shear rates.
The measurements were repeated with the
sequence in spindle speed reversed in order to
see whether the trend in viscosity was time-
dependent. An example of this is shown in
Fig. 4 at the temperature 43C. As the stan-
dard error has been determined to be 20%
of the value measured it is judged that the
viscosity is time independent, given the varia-
tions in the results are within the 95% con-
fidence interval (Fig. 5).
From a large number of measurements at
differing cross flow velocities and tempera-
tures a response function expression has
been calculated by multivariate regression
analysis.
 ¼ 7:04 3:68 ln ð Þ½   5:53  exp 0:046  tð Þ
ð4Þ
with  being cross flow velocity of the
slurry (m/s) in a UF tube and t is tempera-
ture in C.
4.2. ADUF
Pilot-plant results employing a thermophilic
ADUF running on pig manure alone, have
shown enhanced fluxes as compared tomesophi-
lic operation. Fig. 6a presents experimental data
for apilot-plant runat both temperature regimes.
The thermophilic flux is on average 29%
higher than the mesophilic fluxes measured.
This agrees (well) reasonably with values
reported by Ross et al. [1].
Another method tested with the purpose of
increasing flux on the UF unit, has been to
flush the filters with permeate at regular inter-
vals (every hour for 5 min). In general this
solution yielded flux increases of over 25%.
This conclusion seems to be very positive in
terms of establishing a good flux management
system, but care has to be taken as 10% of the
UF permeate produced was used for the flush
sequence, and therefore reduced the effective
capacity of the UF plant. Practically, the
greatest advantage is that flux can be con-
trolled thereby reducing CIP (clean in place)
time and chemical costs, which previously con-
stituted a major loss in long-term membrane
productivity and plant payback. The loss of
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Fig. 5. Viscosity measured with shear rate propaga-
tion reversed at temperature 43C.
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capacity could be countered by running at a
slightly higher pressure, which undoubtedly
will be able to produce 10% more permeate.
A series of trials over 72 days was performed
with a near full scale pilot plant comprising two
parallel UF units of which one (UNIT II) was
flushed according to the above mentioned
scheme, while the other (UNIT I) was only
cleaned once in the period. The result of daily
measurements of flux is shown in Fig. 6b.
4.3. Contact membrane ammonia stripping
A range of experiments was performed to
assess the influence of especially pH (Fig. 7a)
and temperature (Fig. 7b) on ammonia mass
transfer. It was found, as expected, that a higher
pH and subsequently a free ammonia (FA)
fraction close to unity, yielded the best results
in terms of ammonia mass transfer. The relative
effect of temperature on ammonia mass trans-
fer rates was also noticeably higher at pH values
exceeding 10, than at pH values below 9.
Mass transfer coefficients were estimated
from Fig. 7(b) and clearly shows that tem-
perature (pH > 10) has a pronounced effect
on ammonia mass transfer due to a sharp
increase in vapour pressure compared to
water and therefore a sharp increase in rela-
tive volatility of ammonia in solution. From
Table 1, it is clear that for a temperature
increase from 15 to 70C, there is an observed
increase of the ammonia mass transfer rate
close to a factor 10.
Ammonia removal efficiencies varied in the
range from 99.2 to 99.9%. All the ammonia
UF-permeate flux as a function of feed velocity
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Fig. 6a. Measured fluxes as a function of feed velo-
city in membrane tubes.
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Fig. 6b. Regular flush with permeate in ultra filter unit compared to non-flushing mode of operation.
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was absorbed in the acidic strip-solutions and
saturated solutions resulted after a number of
repetitions. Although not apparent, km also
includes mass transfer resistances such as the
thickness and the porosity of the membrane. A
study of these composite resistances which km
represents is summarised by Cussler et al. [3].
5. Conclusion
The BIOREK1 process is continually
optimised and therefore two processes were
chosen which could lead to a reduction in
energy consumption, more compact design
and to ensure by-products with a potential
market value.
Thermophilic ADUF flux was found to be
on average 29% better than the mesophilic
ADUF, probably due to lower anaerobic sludge
viscosity at higher temperatures. This fact sug-
gests that the UF membrane area needed for a
given processing rate could be much smaller
compared to a mesophilic ADUF.
Ammonia removal by CM seems viable,
especially for small streams with high ammo-
nia concentrations. The process can essentially
function efficiently at ambient temperatures.
The resulting ammonia salt solution could
have a high market value, if sufficiently con-
centrated. The use of steam could be comple-
tely avoided by implementing CM.
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Table 1
Effect of temperature on the observed ammonia mass
transfer coefficient
Temperature (C) 15 25 55 65 70
Observed km
(m/h)  103
15.5 24.9 62.1 85.5 135.0
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6. Symbols
A — Membrane surface area m2
FA — Fraction of free ammonia
km — Mass transfer coefficient (m/h)
[NH3–N]t — Concentration of total
ammonia at time t (mol/l)
t — Time (h)
V0 — Total volume of feed solution
m3
 — Velocity of the feed in the
lumen of tubular filters (m/s)
References
[1] W.R. Ross, J.P. Barnard, J. le Roux and H.A.
de Viliers, Application of ultrafiltration mem-
branes for solids-liquid separation in anaerobic
digestion systems: The ADUF process. Water
SA, 16(2) (1990) 85–91.
[2] I.H. Rose-Innes and S. Nossel, The rheology and
pumping of thickened activated sludge. Proc.,
11th IAWPR Conference, Cape Town, 1982.
[3] E.L. Cussler and Q.I. Zhang, Microporous hol-
low fibers for gas absorption, II Mass transfer
across the membrane. J. Membr. Sci., 23 (1982)
333–345.
[4] N.J.D. Graham and J.Q. Jiang, Pre-polymerised
inorganic coagulants and phosphorus removal
by coagulation — A review. Water SA, 24(3)
(1998).
[5] M.J. Semmens, D.M. Foster and E.L. Cussler,
Ammonia removal from water using microporous
hollow fibers. J. Membr. Sci., 51 (1990) 127–140.
[6] B. Norddahl and L. Rohold, BIOREK principle.
In: Proceedings of conference Bioenergy’98 –
Expanding Bioenergy Partnerships, Oct. 4–8,
Madison, Wisconsin, Madison, USA.
[7] G.T. Helleloid, Morehead Electronic Journal of
Applicable Mathematics, 1, CHEM-2001–01,
Morehead StateUniversity,Kentucky, (2001) 1–11.
J.D. Preez et al. / Desalination 183 (2005) 407–415 415
